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Abstract 
The European goals on environmental sustainability and carbon footprint reduction should be reached by the 
installation of Renewable Energy Sources (RES) plants. However, the massive development of RES plants has 
inevitably caused new relevant problems and critical situations due to their low energy density, their social 
acceptance and the non-programmability of some sources. A smart tool is proposed to evaluate the integration 
feasibility of different energy plants; this tool is also able to estimate the environmental impacts caused by the several 
proposed plants for building energy production in terms of land usage, carbon footprint and water consumption. A 
case study, a rural tower shaped building in Umbria, is analyzed to validate the innovative tool: environmental, 
energy and economic parameters are calculated to allow the designer to define the best energy plant configuration. 
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1. Introduction 
The sustainability and the energy efficiency of buildings are defined by the 2002 European (EU) 
Energy Performance of buildings Directive n.91, updated in 2010 by Dir.n.31. Buildings account for 40% 
of total energy consumption and for 35% of greenhouse gas emissions in Europe [1, 2]. The reduction of 
energy consumption is an important measure needed to reduce the EU's energy dependency by fossil fuels 
and greenhouse gas emissions together with the appliance of Renewable Energy Sources (RES) to 
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buildings [3]. CIRIAF - University of Perugia research group developed several innovative plants and 
novel technologies based on RES technologies to serve building and civil transportation [4-10]; thus, 
CIRIAF expertise is the baseline for the development of the proposed tool. 
The plant-building system design could be inspired by the recent regulation in environment: ISO 26000 
guideline on Social Responsibility suggests a new approach to the sustainable development [11] by 
considering the three-P philosophy as milestone, that is people, planet and profit. The application of this 
sustainable point of view is concretized on the RES plant design to serve rural buildings characterized by 
a high tower. This shape lends itself well to recover and suite energy plants and accessories with low 
visual impact and high energy density. This kind of building was preliminarily widely studied to be 
adapted as an energy node for the surrounding buildings and a census reveals that there are more than 150 
rural towers spread all over Umbria [12], characterizing its rural landscape.  
The rural tower was designed for several functions [13]: as a defense, for meat and fertilizer production 
(it was converted to a room for doves), for straw or hay storage and to keep snakes away [14]. The rural 
tower becomes an integral part of the farmhouse, made of stone, or bricks with some architectonical 
elements with an historical added value. The refurbishment of the rural towers can contribute to its 
rehabilitation, with a new function: energy storage, production and distribution. A case study to design 
and validate the proposed tool was chosen: an old tower reconverted as furnace near a building complex 
in Perugia dating back to the end of the 18th century. The tower (3.7 x 6.0 x 11 m), built using traditional 
brick, is adjacent to a country house building and it is located near a natural lake. 
2. The tool structure 
The innovation of the proposed tool, if compared with the commonly developed and used ones, 
consists of a simple interface with the user and some interesting output data as the indicators of the 
environmental, energy, economic and social sustainability of the proposed intervention [15-17].  
The energy plants can be selected as individual or in integrated systems [18, 19]. If more RES plants 
integrated with each other are designed, the tool opens another section, to be developed in further 
activities aiming at the management of the proposed plants, to optimize energy production and 
distribution using storage systems [20, 21].  
In order to design a thermal plant for building, some preliminary data must be collected which are 
necessary for the plant pre-sizing, and the detection of the technical, economic and environmental 
performance and behaviour (Fig. 1).  
The required input info are listed below (Fig. 2): 
1. input data defined by the relief such as the geometrical characteristics of the building; building 
orientation (PV - photovoltaics potential) elevations and altitudes (wind and hydropower 
potential); kind and availability of lignocellulosic biomass to feed a biomass boiler and the soil 
geological characteristics to define the geothermal potential. 
2. current data detected by installed monitoring instruments for weather-outdoor and indoor data; all 
parameters are automatically downloaded from a web site where they can be read and analysed 
[22, 23]. The outdoor relief was made by a weather station; the indoor hygro-thermal monitoring 
was carried out in order to analyse the thermal behaviour in realistic boundary conditions. 
3. a digital dynamic thermal model where thermal refurbishment interventions are simulated; a 
commercial simulation software of the energy performance of a building may be used (e.g. 
DesignBuilder is used by CIRIAF tool developers); it is a dynamic evolution of the previous 
system working in steady state. Dynamic simulation allows to analyse the building simulating 
changes in usage, different daily activities and clothing, comparing architectural details and 
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different solar exposures [24]. It is possible to set different materials, window areas and fixtures 
and to characterize the occupants’ attitudes [25].  
4. RES based plant: PV, wind and hydropower plants, thermal and cooling plants (wood chips 
boiler, geothermal heat pumps). 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1. The scheme of the proposed tool for building energy plant design. 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2. An example: screenshot of the input data. 
3. Environmental and economic indicators 
According to the latest environmental regulation (ISO 26000) [11], the tool indicates in detail the 
sustainability of the proposed intervention, following several indicators: air, soil, water and territory.  
a. air: the avoided emissions of Green House Gas-GHG emissions thanks to the adopted RES technology 
and refurbishment (e.g. the energy produced by PV systems contributes to electric savings); 
b. soil: land usage expressed as energy density per surface, representing the environmental footprint [26];   
c. water: consumption (e.g. energy crops or short rotation forestry define irrigation load); 
d. territory: economic and social benefits caused by the proposed intervention (investment and operative 
costs, savings, revenue, employees and manpower involved) [27]. 
 
 
 
 Alessandro Petrozzi et al. /  Energy Procedia  82 ( 2015 )  652 – 658 655
4. Results 
The building refurbishment is simulated through the digital thermal model, proposing several 
interventions both for the transparent and the opaque surfaces, in order to reduce energy consumptions for 
cooling and heating. The building is converted from a residential house to a country-house and the energy 
requirements are defined according to the defined energy loads and usage timesheet. Costs are considered 
as plant purchase and installation (investment costs) and operating costs (energy and material 
consumptions). Revenues are evaluated as tax credit, primary energy savings, able to define the avoided 
carbon dioxide emissions [27, 28]. Incentives are not considered: currently, they are not available in all 
countries, e.g. in Italy; thus, the tool may be used to design everywhere building energy solutions. 
4.1. PV plant 
The electrical production is ensured by a 18 kW powered PV plant: polycrystalline panels (600 W 
each) are admitted, according to the City Plan [29], although the building is classified as historic house.  
All the well-exposed roofing surfaces are about 100 m2 and panels can cover about 87% of all the 
electrical consumptions, due to the insertion of 12 lead acid batteries (12 V, 200 Ah) for energy storage.  
Auto-consumption is about 11.000 kWh/y, energy delivered by batteries is about 9.000 kWh/y. A 
summary provided with the economical and electric parameters is reported in the picture below (Fig. 3). 
 Fig. 3. The PV plant and the indicators. 
4.2. Biomass energy for the heating plant 
The current heating system consists of a Liquefied Petroleum Gas - LPG boiler. The proposed 
refurbishment increases the heated spaces: the upper part consists of 8 rooms for guests; the first floor is a 
flat reserved for the country house owners; the restaurant and the kitchen are in the ground level.  
The upgraded plant, placed within the tower, is a biomass boiler, 40 kW powered, fed by wood chips 
(90 m3/y) stored in a 30 m3 reserved space (Fig. 4) provided with 2 additional storage tanks, 1 m3 each 
[30]. As terminal units, fancoils are simulated. Costs, savings and environmental benefits are deducted by 
the comparison with the previous scenario with no retrofitted house and the fossil fuel LPG plant. 
656   Alessandro Petrozzi et al. /  Energy Procedia  82 ( 2015 )  652 – 658 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig 4. The biomass boiler plant and the indicators. 
4.3. Geothermal for the cooling plant 
In the current configuration, there isn't any cooling plant/systems. The cover of the cooling 
requirements may be realized with several plant configurations. Considering the configurations of RES 
plants, the comparison is between an absorption chiller fed by the biomass boiler and a geothermal heat 
pump. The latter, 16 kW powered and 5 boreholes each 65 m deep, is more convenient (Fig. 5) and, if 
compared with an absorption chiller, there is no water consumption [31-32]. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5. The geothermal plant and the indicators. 
5. Conclusions 
The developed software is a simple tool to simulate and evaluate different strategies on energy design 
together with all the economic and environmental impacts/benefits, where the current energy market does 
not offer incentives in RES energy production. Therefore, a smart tool used in plant design is an 
important solution to understand the interactions of different plant systems, often working together and to 
evaluate the effects of design in people, planet and profit. 
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